The flora of southern Africa has exceptional species richness and endemism, making it an ideal system for studying the patterns and processes of evolutionary diversification. Using a wealth of recent case studies, I examine the evidence for pollinator-driven diversification in this flora. Pollination systems, which represent available niches for ecological diversification, are characterized in southern Africa by a high level of ecological and evolutionary specialization on the part of plants, and, in some cases, by pollinators as well. These systems are asymmetric, with entire plant guilds commonly specialized for a particular pollinator species or functional type, resulting in obvious convergent floral evolution among guild members. Identified modes of plant lineage diversification involving adaptation to pollinators in these guilds include (i) shifts between pollination systems, (ii) divergent use of the same pollinator, (iii) coevolution, (iv) trait tracking, and (v) floral mimicry of different model species. Microevolutionary studies confirm that pollinator shifts can be precipitated when a plant species encounters a novel pollinator fauna on its range margin, and macroevolutionary studies confirm frequent pollinator shifts associated with lineage diversification. As Darwin first noted, evolutionary specialization for particular pollinators, when resulting in ecological dependency, may increase the risk of plant extinction. I thus also consider the evidence that disturbance provokes pollination failure in some southern African plants with specialized pollination systems.
INTRODUCTION
The discovery that flowers are shaped principally through natural selection by their pollinators was made by Darwin, who had a lifelong interest in plant pollination systems. The two editions of his book on the pollination of orchid flowers (Darwin 1862 (Darwin , 1877 ) provided a new adaptationist framework for pollination studies ). However, evolutionary studies of flowers in the Victorian era were mostly limited to the description of 'functional morphology', usually taken uncritically to be evidence for adaptation. Darwin speculated that pollinators may have been instrumental for the angiosperm radiation (Friedman 2009 ), but further progress on this topic was stalled for almost a century. It was only with the rise of ecology and 'biosystematics' in the 1960s, followed by phylogenetics and comparative biology in the late twentieth century, that interest in pollinator-driven diversification in plants really blossomed.
The development of a conceptual model of pollinator-driven diversification can be attributed to Grant and Stebbins (Grant 1949; Grant & Grant 1965; Stebbins 1970) . Grant & Grant (1965) recognized that pollinators are distributed in a geographical mosaic, which they called the 'pollination climate', and that selection of flowers would therefore differ across a species' range, in some cases leading to pollinator shifts (utilization of different pollinators through modification of floral traits) which precipitate speciation. Grant's studies of the Polemoniaceae, though hampered by the unavailability of a reliable phylogeny at that time, were among the first to consider the radiation of pollination systems in an entire plant family. In an influential paper, Stebbins (1970) recognized five key principles associated with pollinator-driven diversification, including the most effective pollinator principle, the evolution of character syndromes, selection along lines of least resistance, transfer of function via an intermediate stage of double function and reversals of evolutionary trends.
Despite the tidy logic of the Grant-Stebbins model, there is still very little direct supporting evidence for the idea that pollinator shifts are stimulated by a geographical pollinator mosaic. Stebbins (1970) placed the blame for this situation on the tendency for pollination biologists to conduct studies of a single species at a single locality, rather than using a comparative approach. Macroevolutionary studies in which pollination systems are mapped onto phylogenies (Givnish & Sytsma 1997; Weller & Sakai 1999) give valuable insights into the frequency and direction of pollinator shifts, but extinctions and post-speciation range expansion of taxa in these lineages can mean that insights into the actual process of divergence are often limited. An alternative and complementary approach to testing the Grant-Stebbins process is to focus on ecotypes or newly diverged sister taxa in their geographical context (Herrera et al. 2006) , specifically to determine whether these fulfil the requirements of a trait-environment correlation between flowers and pollinators, corresponding selection acting on floral traits and an underlying geographical mosaic of pollinators (Johnson 2006) .
Although Grant and Stebbins emphasized pollinator shifts as the primary mode of diversification, there are several other possible processes that could be involved. Stebbins (1970) recognized that many floral radiations involve divergent use of the same pollinator rather than shifts between pollinators. Coevolution (Ehrlich & Raven 1964; Thompson 1994 ) may apply in cases where reciprocally specialized plants and pollinators influence each other's evolution. Furthermore, nonrewarding species that do not influence the evolution of pollinator traits may nevertheless track changes in pollinators that arise from coevolution with other plant species (Anderson & Johnson 2009 ). It is thus important to consider the strength of evidence for several alternative modes of diversification (Anderson & Johnson 2009; .
Southern Africa is one of the global hotspots of plant diversity and endemism, and thus an ideal natural laboratory for advancing our understanding of evolutionary diversification in plants (cf. Linder 2003) . The two main centres of diversification in this region are the Greater Cape Floristic Region (including the Cape and Succulent Karoo) and the Drakensberg mountains. There is now good macroevolutionary evidence that much of the speciation in this region has been a consequence of ecological shifts (identified as a difference in habitat or pollinator utilization between sister taxa). A recent analysis of 188 sister species pairs representing eight southern African plant clades showed that speciation was associated with ecological shifts in 80 per cent of these pairs (Van der Niet & Johnson 2009 ). This is a minimum estimate since data were not available for all ecological traits. The frequency of different kinds of ecological shifts did not differ between the species-rich Cape and the rest of southern Africa, suggesting that the main drivers of speciation, e.g. general habitat, pollinators and climate, could be the same across the subcontinent (Van der Niet ). There are few comparable studies of sister taxa from other floras in the world (but see Price & Wagner 2004) , but the picture emerging from these and other lines of evidence is that ecological shifts are the most important driver of diversification in plants at a global level (Schluter 2000; Rieseberg et al. 2002) .
Many of the larger southern African clades are characterized by spectacular floral diversity. In particular, these include the following families (ordered by the approximate number of species present in southern Africa): Iridaceae (1050), Ericaceae (804), Apocynaceae (700), Scrophulariaceae s.s. (700), Orchidaceae (470), Hyacinthaceae (410), Asphodelaceae (339), Geraniaceae (290) and Amaryllidaceae (280). Quantitative analyses have confirmed that phenotypic divergence between sister taxa in some of these lineages involved mainly floral traits (Van der Niet & Johnson 2009) . Given that lineages that show floral rather than vegetative diversification are likely to have diversified mainly through selection by pollinators, rather than selection from the physical environment or herbivores (Grant 1949; Stebbins 1970) , it can be hypothesized that adaptation to pollinators has been a driving force behind the diversification of some of the major elements of the southern African flora ( Johnson 1996) .
To assess the evidence for pollinator-driven diversification in the southern African flora, I start with an analysis of the diversity and level of specialization in pollination systems in this region. The term pollination system can be ambiguous because it can be used to describe any level within a hierarchy of nested functional levels (e.g. oil-bee pollination is nested within bee pollination, which is nested within insect pollination, which is nested within biotic pollination). In this contribution, I focus on pollination guilds that can be defined as the smallest possible unit of a pollination system, and the ones most relevant for the geographical scale of speciation. Thus, in the example of the oil-bee pollination system, given above, the Cape mountain bee Rediviva gigas, and its oil-producing host plant species (table 1) , comprises a distinct pollination guild. I argue that pollination systems, and pollination guilds, in particular, serve as available niches for pollinator-driven diversification, in the same manner that different soil types serve as the environmental template for edaphic-driven diversification.
In the second part of the paper, I consider the evidence for different modes of pollinator-driven diversification, including pollinator shifts and coevolution, from both micro-and macroevolutionary studies. Finally, I consider the proposition that plants with specialized pollination systems are at risk of extinction owing to pollination failure.
POLLINATION SYSTEMS AS NICHES
Evolutionary divergence commonly involves an adaptive shift between different ecological niches (Schluter 2000) . As pointed out by Stebbins (1970) , botanists have historically tended to focus on the physical environment when considering the role of ecology in diversification because of the misconception that fitness can be equated with plant survival. Yet, since lifetime fecundity is often also strongly affected by pollination success, in addition to survival, plants will also adapt to their pollinator environment, resulting in diversification in floral traits ). Pollination systems represent ecological 
, Shuttleworth & Johnson (2006 , 2009a (Continued.) niches for diversification, equivalent to soil types and other aspects of the physical environment. However, there is still considerable uncertainty around the application of the niche concept in pollination systems. In one sense, a particular pollinator or functionally equivalent set of pollinators can be considered to comprise a fundamental niche. However, ecological outcomes and selection on floral traits are determined not only by the innate sensory modalities and morphology of particular pollinators, but also by three-way or higher order interactions with the pollinators and other plants. These can result in processes such as conditioned pollinator foraging preferences (cf. Gumbert 2000) and interference in pollen transfer processes (Armbruster et al. 1994) which alter the niche space. The structure of realized niches within a particular community can be observed to some extent from general pollination network studies (Bascompte et al. 2003 (Bascompte et al. , 2006 Olesen et al. 2007 ), but because of logistical constraints these are based mostly on crude observational data linking flowers and their visitors, and thus seldom reveal actual ecological outcomes or the strengths of interactions (Kay & Schemske 2004) . Compartment boundaries in these general networks are often fuzzy and contradictive of the apparent specialization in floral traits (Ollerton 1996) . Most of our knowledge of pollination system niches has been gained from detailed studies that focus on guilds associated with particular pollinators, rather than the entire network (Feinsinger 1976; Johnson & Bond 1994; Manning & Goldblatt 1996 , 1997 Pauw 2007) . Like edaphic niches, pollination system niches are distributed unevenly over space. However, they also have a strong temporal dimension and there are typically many pollination system niches available in a particular habitat. Understanding why evolution in particular plant lineages leads to incorporation into any particular one or more of these niches is one of the great challenges in plant evolutionary biology and has seldom been addressed with the exceptions of the general principles for shifts established by Stebbins (1970) , and some recent studies that show that the direction of shifts is strongly determined by the pre-adaptation of existing traits (Armbruster 1993; .
(a) Specialized pollination systems in southern Africa The existence of extraordinarily specialized pollination systems involving animals such as long-proboscid flies, oil-bees, hawkmoths, butterflies, birds and rodents in southern Africa has been highlighted recently (Johnson & Steiner 2000 , 2003 . Many of these pollination systems have been characterized in detail down to the level of particular guilds (table 1) . These guilds tend to be geographically restricted, often exhibit a short phenophase (typically a few weeks of flowering and pollinator activity) and include many unrelated plants that tend to exhibit convergent floral traits. They are also usually highly asymmetrical with a large number of plants (typically about 20-30) depending on a single pollinator species or small set of pollinators of the same functional type. Thus, the pollinators of these guilds can be considered keystone species. It has been noted that within a given community, there are typically about six guild member species (Goldblatt & Manning 2006) , although this number can also vary from a single species to more than a dozen in one community. In long-proboscid fly pollination systems, coexisting guild members usually place pollen on different parts of the body of the shared fly pollinator (Goldblatt & Manning 2000 . Although this phenomenon has been suggested to be an outcome of competitive displacement (Armbruster et al. 1994; Goldblatt & Manning 2000) , it can also be explained in some instances by intrinsic differences in floral construction among phylogenetically unrelated guild members. Nevertheless, pollen placement may play a role in determining which species can coexist in the same assemblage (cf. Armbruster et al. 1994) . In contradiction to typical niche theory that emphasizes competition, pollination guild members appear to often facilitate each other's reproductive success (Waser & Real 1979; . This can be due to staggered flowering that supports long-lived pollinators through energetic cross-subsidization (Waser & Real 1979) , and the beneficial effects to rare or non-rewarding species when abundant rewarding 'magnet' guild members increase the local abundance of pollinators and condition pollinator behaviour (Gumbert & Kunze 2001; .
There are clear phylogenetic effects on pollination niche occupancy. For example, the large Rediviva oilbee pollination system in southern Africa is confined to the Scrophulariaceae, Orchidaceae and Iridaceae, while long-proboscid fly pollination systems are mostly concentrated in Iridaceae, Orchidaceae, Geraniaceae and Lamiaceae (table 1) . This phylogenetic niche conservatism probably arises because species with particular pollination systems are replicated by non-pollinator-driven diversification and because floral construction in some groups favours particular pollination systems (e.g. presence of spurs in Orchidaceae and long-proboscid fly pollination).
Some plant families in southern Africa tend to be dominated by species with specialized pollination systems. An analysis of existing pollinator data for 114 southern African species of Iridaceae and Orchidaceae revealed that these typically have a single pollinator species ( Johnson & Steiner 2003) . By contrast, temperate Northern Hemisphere species of Orchidaceae have a median of five pollinator species ( Johnson & Steiner 2003) . These tend to be in the same clades as the southern African orchids, which suggest that the specialization in this family in southern Africa is not simply a phylogenetic effect, but also reflects the uneven global distribution of certain specialized pollination system niches. In another analysis, Ollerton et al. (2006) calculated a median of two pollinator species for southern African representatives of the Apocynaceae and eight pollinator species for temperate Northern Hemisphere representatives of the same family. Importantly, plant species included in these analyses of Orchidaceae and Apocynaceae were sampled for pollinators with the same effort in southern Africa as elsewhere. In a more recent metaanalysis of studies on 375 species of Iridaceae found in southern Africa, Goldblatt & Manning (2006) concluded that only 2 per cent of species have generalized pollination systems, while 95 per cent of species have specialized ones. For most other plant families in the region there are unfortunately still too few data to assess their levels of pollination system specialization.
(b) Proximate and ultimate causes of specialization Flowers, even relatively unspecialized ones, are usually visited by only a small subset of the potential flower visitors in a habitat. The proximate (immediate) basis for ecological specialization is easy to understand when flowers have specialized rewards, such as oil, because few insects can use these. In the case of pollination systems involving long-tongued insects or long-billed birds, the main filter to potential flower visitors appears to be accessibility of nectar. That shorter tongued insects often locate and then pierce the corolla of these long-tubed flowers to rob the nectar (Irwin et al. 2001) indicates that floral morphology, rather than advertising traits or reward composition, is the main restriction on the number of legitimate pollinators of these species.
However, cases of plants that have flowers with exposed nectar or pollen rewards and yet have specialized pollination systems are harder to understand. In southern African plants with inconspicuous flowers pollinated solely by spider-hunting wasps, a combination of specific scent signals and bitter-tasting nectar seems to be the proximate basis of specialization (Shuttleworth & Johnson 2009a) . Experiments show that even flowers concealed from view attract these wasps by means of scent signals, and that honeybees, which have full access to the nectar, usually reject the nectar on account of its taste (Shuttleworth & Johnson 2009 , 2009a . The taste of nectar was also shown to be important for explaining why the openshaped flowers of a southern African Aloe are pollinated mainly by a suite of short-billed birds . Honeybees and sunbirds have full access to the copious nectar produced in an exposed position in flowers of this aloe, but reject it on account of its bitter taste. These studies suggest that floral traits may evolve not only under selection for attractants, but also under selection for filters that inhibit visitation by certain animals.
An alternative proximate explanation for the extreme specialization found in many southern African pollination guilds is simply that there is a lack of pollinator species diversity. Although there is clearly a high diversity of functional pollinator types in southern Africa, the diversity of pollinator species within each type is often very low, and, at the regional level, there may be only one species of a particular functional type available at a particular time of year. A good example is the orange-breasted sunbird that is associated with a large guild of plant species, particularly in the genus Erica, and is the only sunbird that occurs consistently at high altitudes in the Cape mountains (Rebelo et al. 1984) . This form of specialization due to a depauperate pollinator species diversity is well known from oceanic islands (McMullen 1990; Olesen & Jordano 2002) . While a limited availability of pollinator species diversity within each functional type may be a proximate explanation for some of the specialization observed in southern Africa, an ultimate explanation is still needed for evolutionary specialization to a particular functional type.
Floral specialization is the hallmark of angiosperm diversification, yet we still do not have good theory or data to show why evolution often favours specialized pollination systems over generalized ones. One simple explanation is that adaptation to effective pollinators involves trade-offs. A simple example might be that the evolution of a long corolla tube through adaptation to locally effective long-tongued pollinators incidentally excludes other flower visitors. If these trade-offs are weak, then selection should favour unspecialized pollination systems (Aigner 2001) . However, as discussed above, there is now evidence that some floral traits evolve specifically as filters, suggesting that specialization per se may be the target of selection. The most likely explanation for selection for specialization per se is that it improves the efficiency of pollen transfer between conspecific flowers. Pollen transfer is a very wasteful process in which only a small fraction (typically ca 0.1%) of pollen reaches stigmas (Harder & Johnson 2008) . Selection for traits that improve the efficiency of this process has been invoked to explain the evolution of floral traits such as pollen packaging (Harder & Johnson 2008) . There is evidence that pollinators can influence the efficiency of pollen transfer (Wilson & Thomson 1991 ; reviewed by Hargreaves et al. 2009 ), but I am not aware of any study that has tested specifically whether pollen transfer efficiency is enhanced in plants that restrict their number of flower visitors.
(c) Floral syndromes 'Pollination syndromes', patterns of convergent floral evolution among unrelated plants adapted to the same pollinators (Fenster et al. 2004) , were first described for the flora of southern Africa in a classic paper by Vogel (1954) . They are most evident among plants that are members of specialized pollination guilds (Johnson & Bond 1994; Manning & Goldblatt 1996 , 1997 Pauw 2006) . A striking example is the guild of 20 southern African plants representing eight genera and four families that are pollinated by the mountain pride butterfly Aeropetes tulbaghia (figure 1; Johnson & Bond 1997) . The large red flowers in this guild can be clearly distinguished from those pollinated by birds by their straight and narrow as opposed to broad and curved corolla tubes, and lack of perches (Johnson & Bond 1994) .
However, floral syndromes are not always clear-cut, especially in plants that have generalist pollination systems or straddle two different pollination systems (Manning & Goldblatt 2005; Shuttleworth & Johnson 2008) . Ollerton et al. (2009) recently scored binary traits in flowers in combination with floral visitors in several communities, including one in eastern South Africa, and found that combinations of these traits for individual species seldom coincide with classical floral syndromes. However, this study tested for global patterns at the level of higher pollinator taxa, such as Orders, and this may not be realistic in the case of groups such as the Diptera, which in southern Africa includes groups as functionally divergent as long-proboscid nemestrinids, fungus gnats and carrion-seeking flies. It is much more useful to search for syndromes at the level of functional pollination guilds (table 1), particularly since patterns of convergence within these guilds can be evident right down to the very fine scale of local communities (Anderson & Johnson 2009) . A different way of testing whether floral syndromes are uniquely associated with particular pollinators is to use them to make predictions about pollinators and then test these by means of observations or experiments. Using the established syndrome of traits associated with rodent pollination, predicted that the geophyte Massonia depressa would be pollinated by rodents, and then confirmed this with observations. They also made further predictions about likely members of the rodent pollination guild, which have since been confirmed with additional observations (Kleizen et al. 2008) . Pauw (2006) used a distinctive syndrome of floral traits associated with oil-bee pollination to predict which species will belong to an oil flower guild, although the plants in this guild are related orchids and thus might be similar to some extent because of common descent rather than convergent evolution. In aloes and proteas, species with a syndrome of traits associated with bird pollination have generally been found to be pollinated primarily by birds (Hargreaves et al. 2004; Botes et al. 2009 ). This suggests that Ollerton's (1996) paradox (the mismatch between observed pollinators and floral traits) may not apply in these specialized pollination systems.
Another approach that can be used to verify whether convergent floral traits could be a signature of pollinator-mediated selection is to test their functional significance. Experiments have established the functional significance of convergent floral traits in several specialized pollination systems in southern Africa. Floral advertising traits, which have been shown by means of manipulative experiments to be functionally important for pollinator attraction, include convergent yellow or orange coloration and dark central markings of flowers pollinated by hopliine beetles (Van Kleunen et al. 2007) , dark raised spots typically found on flowers pollinated by Megapalpus bee-flies (Johnson & Midgley 1997) , the size and red colour of flowers pollinated by Aeropetes butterflies (Johnson & Bond 1994 ) and the scent of flowers pollinated by spider-hunting wasps (Shuttleworth & Johnson 2009 ).
MODES OF DIVERSIFICATION
Floral adaptation results in patterns of convergent evolution among plants that share pollinators, and also diversification within the lineages of these guild members. However, there has been insufficient attention paid to the diversity of adaptive processes that can be involved in generating these patterns. Here, I identify five different modes of pollinator-driven diversification (pollination system shifts, divergent use of the same pollinator, coevolution, trait tracking and mimicry) that appear to have been important in the evolution of elements of the southern African flora. This can be considered a preliminary assessment as it is likely that other modes of diversification will become apparent as our understanding of pollinator-driven evolution in plants expands.
(a) Pollination system shifts In discussing the role of pollinators in angiosperm diversification, Grant and Stebbins placed much emphasis on shifts between different pollination systems, including shifts between different pollinators and shifts to wind pollination and selfing.
Macroevolutionary evidence confirms that pollination system shifts have occurred frequently during the radiation of many plant lineages globally (Givnish & Sytsma 1997; Weller & Sakai 1999) . In southern Africa, Johnson et al. (1998) found that cladogenesis in the orchid genus Disa was almost always associated with pollinator shifts, while Goldblatt & Manning (2006) placed a minimum estimate of a shift for every five to six species in the large genera Gladiolus and Babiana (Iridaceae). The Grant-Stebbins model shifts posits that pollination system shifts occur in response to a change in the pollinator fauna, either induced by the expansion of a species' range or because of change in pollinator composition over time ( Johnson 2006) . Darwin (1859, pp. 94 -95 ) first alluded to this mode of diversification when discussing the possibility that clover would adapt morphologically to pollination by honeybees if bumblebees were to become rare in a particular region (Harder & Aizen 2010) . Testing the process implicit in the model thus requires a biogeographical or temporal perspective on pollination systems.
There are still very few examples of pollination system shifts, or even mating system shifts, induced by range expansion (Lloyd 1965; Johnson & Steiner 1997; Barrett et al. 2009 ). One particularly clear-cut case involves the switch in Dalechampia (Euphorbiaceae) from pollination by resin-collecting bees in Africa to pollination by pollen-collecting bees in Madagascar where specialist resin-collecting bees are absent (Armbruster & Baldwin 1998) .
There are now a number of published studies of pollinator shifts in southern African plants that have given deeper insights into the geographical process of these shifts and their consequences for floral diversification. In the orchid Satyrium hallackii, a shift between carpenter bee pollination in short-spurred Cape populations and hawkmoth pollination in long-spurred eastern grassland populations could be attributed to the abundance of carpenter bees and virtual absence of hawkmoths in the Cape region and opposite pattern of abundance of these two insect groups in the grassland region (Johnson 1997) .
Geographical mosaics arising from the localized distributions of long-proboscid flies in southern Africa have been an important stimulus for plant diversification. In a particularly well-documented system in the southwestern Cape, orchids in the Disa draconis complex as well as irises belonging to the genus Lapeirousia have shifted between short-proboscid Philoliche horseflies that occur only in the mountains and a very long-proboscid tanglewing fly, Moegistorhynchus longirostris, that is endemic to the lowland sandplain ( Johnson & Steiner 1997; Pauw et al. 2009 ; figure 2 ). This has given rise to local ecotypes of the orchids and irises that differ markedly in the depth of their flowers (figure 2). The adaptive significance of flower depth in these systems has been investigated by means of phenotypic selection experiments. Johnson & Steiner (1997) artificially shortened the very long spurs of lowland forms of D. draconis so that they matched the spur length of mountain populations and found that this led to a drastic reduction in pollination success. Pauw et al. (2009) similarly found a positive relationship between tube length and pollen receipt in emasculated plants of Lapeirousia anceps, one of the members of the lowland M. longirostris pollination guild.
Shifts in pollination systems are thought to be precipitated when pollinators are rare and plants experience pollen limitation, favouring traits that attract more effective pollinators in the local habitat. A difficulty with this model is that pollen limitation should also favour shifts to selfing (Morgan & Wilson 2005) or to unspecialized pollination systems (Waser et al. 1996 ), yet many southern African lineages, including self-compatible orchids well known for their propensity for pollen limitation, exhibit a pattern of repeated shifts between specialized pollination systems ( Johnson et al. 1998) . One possibility is that selfing evolves often, but represents a dead end that leads to lineage extinction (Takebayashi & Morrell 2001) . Another possibility is that pollinator shifts allow plants to escape from pollen limitation without incurring the cost of inbreeding depression (Harder & Aizen 2010) .
Extreme levels of pollination system specialization probably inhibit pollination system shifts because of the canalization of floral traits and the reduced probability of attracting different pollinators (Tripp & Manos 2008) . The canalization of wind-pollination traits in angiosperms is the best known example. Plant lineages with brood-site mutualisms (those in which plants provide their pollinators with sites for larval development as a reward for pollination) and those with specialized oil or resin rewards also tend to show a high degree of evolutionary conservatism (see Armbruster & Baldwin 1998) . At the other extreme, there is probably a different kind of canalization in plants with generalized pollination systems. There is a marked lack of floral diversification at the macroevolutionary level in families with generalized pollination systems such as the Brassicaceae and Apiaceae, despite microevolutionary studies that show strong between-population variation in selection on floral traits in members of these families (Conner 2006; Gomez et al. 2009; Sandring & Agren 2009 ). This contradiction between micro-and macroevolutionary evidence probably arises because selection in generalist flowers due to fine-scale spatio-temporal variation in the pollinator assemblage is usually not sufficiently consistent over time to drive floral diversification at the species level.
Pollinator shifts appear to be most likely in plants that have pollination systems that are specialized, but not so specialized that they cannot pass through Stebbin's 'intermediate stage of double-function'. Recent macroevolutionary studies have given good insights into the direction and likelihood of these transitions. For example, in Aquilegia, there tends to be shifts from bee to bird to moth pollination , while in Ruellia, bird-pollinated flowers most likely give rise to other pollination systems, while bat-pollinated flowers tend to represent an evolutionary dead end (Tripp & Manos 2008) . In the southern African flora, there are numerous cases of evolutionary shifts between hawkmoth and long-proboscid fly pollination and evidence from introgressive hybridization that these transitions can involve a stage of double function in which they are visited by both sets of pollinators ( Johnson et al. In general, divergent use of the same pollinator is the least well-understood mode of floral diversification in plants. The most common explanation given for divergent use of the same pollinator is competition leading to character displacement (Armbruster & Muchhala 2009 ), but there is still only limited evidence for the role of competition in shaping selection on floral traits (Caruso 2000) .
There Shuttleworth & Johnson 2006 & Johnson , 2009a . Mechanisms for placing pollinaria on different parts of the bodies of these wasps form the basis of differences in floral structure between various Pachycarpus species. Ellis & Johnson (2009) recently demonstrated that the geographically structured evolution of a spectacular variety of floral capitulum forms in the daisy Gorteria diffusa is associated with a single pollinator, the bee-fly Megapalpus capensis. There is some evidence that a basis for different forms could be that they exploit either feeding or mate-seeking behaviour in the flies, but non-adaptive causes for this radiation cannot be ruled out.
(c) Coevolution Fitness relations in most plant-pollinator systems are strongly asymmetrical, with plants having strong dependencies on particular pollinators, which, in turn, are usually generalist foragers and thus not dependent on any particular plant species. Until recently, many authors have thus considered coevolution between plants and their pollinators to be unlikely, except in the case of obligate brood-site mutualisms, such as those involving figs and fig wasps (Schemske 1983) . However, diffuse, and even pairwise, coevolution (Thompson 1994 ) may be a common feature in southern African pollination guilds (Steiner & Whitehead 1990; Anderson & Johnson 2008 , 2009 Pauw et al. 2009 ).
In a study of a specialized guild of Diascia species that depend on the oil-bee Rediviva neliana for pollination, Steiner & Whitehead (1990) observed a strong pattern of geographical covariation between the mean length of the floral spurs and the front legs of the bees across 22 sites in the Drakensberg mountains of South Africa (figure 3). The bee uses its front legs to gather oil from the tip of the floral spurs of Diascia, and the system thus has the potential to conform to the classic Darwinian coevolutionary model, whereby deep flowers are favoured by selection because they force pollinators to make good contact with the floral reproductive organs, and long tongues (or legs, in this case) are alternately favoured because they allow rewards to be extracted from deeper flowers. By controlling for allometric and physical covariates that could explain variation in bee leg length, Steiner and Whitehead convincingly demonstrated that the pattern of bee and plant covariation is consistent with diffuse coevolution.
Long-proboscid fly pollination systems in southern Africa also appear to be characterized by coevolution. The extraordinary proboscides of these flies clearly represent adaptations for flower feeding and show considerable variation between species and populations. A recent study showed that M. longirostris flies obtain more nectar from flowers when their proboscis is the same length or longer than the corolla than when it is shorter (Pauw et al. 2009 ). Thus, selection for a longer proboscis length when flies are feeding on long-tubed flowers almost certainly acts via energetic gains. On the other hand, selection on corolla tube length acts via its influence on the pollination success of plants (Nilsson 1988; Alexandersson & Johnson 2002) . This has now been demonstrated through phenotypic selection studies in many plants pollinated by long-proboscid flies (Anderson & Johnson 2008 , 2009 Pauw et al. 2009 ). This potential for reciprocal selection sets up the possibility of Darwin's race in the form of escalatory coevolution.
In a study of the long-proboscid fly Prosoeca ganglbaueri and its principal nectar plant Zaluzianskya microsiphon in the Drakensberg mountains, Anderson & Johnson (2008) found strong patterns of geographical covariation between the proboscis length and flower tube length of these strongly interacting species (figure 4a). This is the expected outcome if coevolution operates at the level of local populations (Thompson 1994) . Indeed, this relationship remained significant even in models that included other allometric and environmental predictors. The adaptive significance of floral tube length in Z. microsiphon in this system was also confirmed by means of a reciprocal translocation experiment. In a subsequent study, Anderson & Johnson (2009) showed that covariation also applies at the level of the entire plant guild pollinated by P. ganglbaueri, resulting in patterns of divergence among populations of guild members and convergent evolution within a site. Pauw et al. (2009) observed very similar patterns of geographical covariation between fly proboscis length and flower tube length in the M. longirostris pollination guild in the southwestern Cape region (figure 2).
These studies, together with others dealing with insect proboscis length in antagonistic systems (Toju & Sota 2006) , confirm that coevolution can be an important driver of phenotypic divergence among populations of strongly interacting species.
(d) Trait tracking
In pollination guilds that exhibit diffuse coevolution, individual guild members can participate differently in the coevolutionary process (Anderson & Johnson 2009; Pauw et al. 2009 ). Guild members that are common and/or have large floral rewards will have a strong influence on pollinator evolution, and thus participate in coevolution, while rare or non-rewarding species may have little or no influence. Yet, even non-rewarding species can show geographical covariation with pollinator traits. For example, in a long-proboscid fly pollination guild in the Drakensberg mountains, spur length of a deceptive orchid closely matches that of the fly pollinator, which, in turn, is involved in a coevolutionary relationship with a common nectar plant (figure 4). This can be interpreted as a process of trait tracking whereby rare or non-rewarding species are forced to keep pace with morphological changes in their pollinator that arise from coevolutionary interactions with common rewarding guild members (Anderson & Johnson 2009) .
(e) Mimicry of different model flowers Although innate sensory preferences and morphology of pollinators are believed to be most important for shaping floral traits, there is also a sensory component that is conditioned and based on experience (cf. Gumbert 2000) . These conditioned preferences form the basis of floral mimicry systems in which food-seeking insects are deceived by pollinators conditioned by feeding on rewarding model flowers. Selection through this process can shape mimic flowers to be extraordinarily similar to those of their models (Johnson 1994) . If a mimic extends its range beyond that of its model, but still within that of its pollinator, selection could favour traits that resemble those of different rewarding plants used by the pollinator. This is the most likely explanation for the evolution of two different forms of the deceptive butterfly-pollinated Cape orchid Disa ferruginea (figure 1b). Flowers of western forms are red and mimic those of an iris, while flowers of eastern forms are orange and mimic those of an asphodel (Johnson 1994 ). In the orchid genus Disa, diversification of one of the clades (section Stenocarpa) seems to have involved shifts between different floral mimicry systems (S. D. Johnson 2009, unpublished) .
Mimicry in the broadest sense could be important for the development of floral syndromes in pollination guilds. New guild members may be under strong selection for traits that confer resemblance of their flowers to those of abundant existing guild members. Brown & Kodric-Brown (1979) suggested that conditioned preferences could explain why guilds of hummingbird pollinated flowers in North America show convergence for traits such as red flower colour. Colour preferences of many insects, such as bumblebees, are strongly affected by conditioning (Gigord et al. 2002) . It remains to be determined whether striking colour similarity among flowers in various specialized pollination guilds in southern Africa (table 1) reflects innate foraging preferences of pollinators or the result of selection via conditioned preferences.
DIVERSIFICATION AND SPECIATION
The relationship between adaptation and speciation remains a contentious issue in evolutionary biology. Darwin's uniformitarian view was that speciation is simply a consequence of profound phenotypic divergence driven by adaptation. However, the focus in speciation research since the new synthesis has been on the role of adaptation in producing isolating barriers, since these are deemed to be the defining characteristic of species. In reality, species are usually characterized by both phenotypic differences and isolating barriers that allow them to coexist with others, and the goal of speciation research must thus be to explain both of (table 1) . (a) Coevolution probably accounts for the strong relationship across 16 sites between the proboscis length of P. ganglbaueri and the flower depth of Z. microsiphon (Scrophulariaceae) which is pollinated almost exclusively by this fly and also its main source of nectar. (b) On the other hand, a similar relationship involving the orchid Disa nivea must be due to trait-tracking as this species is non-rewarding and thus unlikely to influence the evolution of the fly proboscis.
Modified from Anderson et al. (2005) and Anderson & Johnson (2008 , 2009 these properties (Johnson 2006) . In this section, I ask how research on pollinator-driven diversification can contribute to our understanding of the nature of species. As discussed in the preceding sections, pollinatormediated selection is the major driver of morphological evolution in flowers, and accounts for many of the traits that are used to characterize species. There is thus a clear link between floral adaptation and phenotypic divergence of species. Following the evolutionary synthesis, Grant and others sought to understand how pollinators could also be involved in the evolution of isolating barriers. In particular, Grant & Grant (1965) placed emphasis on ethological isolation due to 'mutual exclusiveness' between forms that had specialized for different pollinators as one of the pathways to speciation in plants. This idea has received considerable support (Fulton & Hodges 1999; Schemske & Bradshaw 1999) , but cases where pollinator-mediated ethological or mechanical isolation are responsible for integrity of sympatric species may be exceptions rather than the rule (Ramsey et al. 2003) . For most plant species, geographical or habitat differences are probably the main barriers to gene flow ( Van der Niet & Johnson 2009 ). Thus, the role of pollinators in speciation almost certainly has more to do with diversification of phenotype than reproductive isolation.
Several authors have noted that shifts in pollination systems are often associated with soil-type shifts (Patterson & Givnish 2004; Goldblatt & Manning 2006) . This raises challenging questions about which of these two forms of diversification is most important during speciation. Johnson argued that shifts in pollination system are probably more important for phenotypic diversification than soil shifts, and thus more likely to lead to recognizably different species. Goldblatt & Manning (2006) , on the other hand, argued that speciation in southern African Iridaceae is driven mainly by soils and that pollination systems evolve subsequently under selection through reinforcement. Van der Niet et al. (2006) found support for this view from macroevolutionary data that show that sister taxa that have diverged in soil type and have overlapping ranges are significantly more likely to have also diverged in pollination systems than have sister taxa that have diverged in soil type and have non-overlapping distributions (and thus could not have experienced reinforcement). However, these patterns could also be explained by competitive displacement or species sorting. If pollinator distributions are linked to habitat type (figure 2), then parallel edaphic and pollination system shifts seem the most likely explanation for these patterns. Furthermore, there are serious theoretical objections to reinforcement, the most important of which is that traits that evolve through reinforcement at a contact zone are unlikely to have fitness value outside that zone and are thus unlikely to spread to other populations and become fixed at the species level.
POLLINATION FAILURE AND ITS ENVIRONMENTAL CORRELATES
Pollen limitation of seed production is pervasive in natural ecosystems (Knight et al. 2005; Harder & Aizen 2010) , including those in southern Africa ( Johnson & Bond 1997) , and is probably an important catalyst for pollinator shifts in evolutionary time. However, plants that receive insufficient pollen cannot always 'solve' the problem over evolutionary time by allocating more resources to pollinator attraction, evolving selfing or shifting to more effective pollinators. If unmitigated, pollination failure could conceivably lead to demographic declines of populations (Ehrlén & Eriksson 1995) , and even species extinctions.
It is usually challenging to distinguish between natural and anthropogenic pollen limitation (Harder & Aizen 2010) . Severe pollen limitation has been recorded for many Cape wildflower species, even in pristine natural habitats. Steiner (1993) noted that the shrub Ixianthes is rarely visited by its specialist oil-bee pollinator R. gigas in the Cape mountains, although it still persists through clonal reproduction and visits by pollen-collecting bees. Extreme pollen limitation, such as the 1000-fold increase in fruit set when flowers in remnant urban populations of the hawkmoth-pollinated southern African tree Oxyanthus pyriformis are hand-pollinated , is usually attributed to anthropogenic factors. However, there is often no historical benchmark with which to compare current pollen limitation. Pauw (2004) overcame this problem by comparing rates of pollen removal in current orchid populations with those in preserved century-old herbarium specimens and found historical pollination failure in some populations, and more recent failure in others which he attributed to anthropogenic factors.
More commonly, anthropogenic causes of pollen limitation are identified by comparing populations in different environmental contexts. Habitat fragmentation, population size, population density, population isolation and the presence of co-flowering plants are among the environmental factors that have been investigated (Aguilar et al. 2006) . However, many of these studies are limited because they typically focus on just one factor, most commonly habitat fragmentation (cf. Donaldson et al. 2002) . Since habitat fragmentation is often associated with changes in population size, density and isolation, multivariate approaches are needed to tease apart their influences. In a study of the southern African lily Brunsvigia radulosa that considered several environmental factors, Ward & Johnson (2005) found that population size, rather than habitat fragmentation or population isolation, best explained variation in pollen limitation among populations. On the other hand, pollination success in other species, such as the hawkmoth-pollinated southern African orchid Satyrium longicauda ), appears to be relatively resilient to a variety of environmental contexts.
Southern Africa, with a plethora of highly specialized pollination systems, is an ideal place to test for linked extinctions, particularly given the asymmetric structure of guilds, whereby many specialized plants tend to rely on a relatively generalist 'keystone' pollinator species or group of functionally equivalent species (table 1) . In a detailed study of a guild of oil-producing orchids pollinated by the bee Rediviva peringueyi (table 1), Pauw (2007) found correlated pollination failure across six guild members in habitats where Review. The pollination niche S. D. Johnson 511 this bee was apparently absent or scarce, suggesting that extinctions could be linked. In particular, R. peringueyi was most likely to be absent from small urban habitat fragments. However, this bee is also naturally absent from many sites, and there the orchids appear to persist through clonal reproduction. Bond (1994) developed a useful framework for evaluating the risk that failure of a pollination mutualism would lead to extinction. He argued that species with a combination of a specialized pollination system, an outbreeding mating system and demographic dependence on seeds are at highest risk of extinction. However, using southern African pollination guilds (table 1), he also showed that few species fit into this highest risk category because of trade-offs between risk in life-history components. Thus, species with highly specialized pollination systems are often buffered against pollination failure by self-compatibility or clonal reproduction.
FUTURE DIRECTIONS
Darwin's evolutionary framework provided pollination biology with the tools needed to explain how and why flowers have diversified. The field has been extraordinarily successful in explaining how the traits of angiosperm flowers ), and even gymnosperm cones (Terry et al. 2007) , have diversified under selection by animal pollinators. However, there are still few studies that sufficiently explain why flowers have diverged between populations, and ultimately, between species. Answers to these questions are fundamental for understanding why some plant groups have diverged under selection by pollinators, while others have not, and why some regions seem to be hotspots for floral diversification. My view is that answers to these questions will be obtained primarily from studies that use a combination of the microevolutionary approach of studying the process of divergence among ecotypes and recently diverged taxa, and the macroevolutionary approach of studying the pattern and tempo of diversification using phylogenies. In particular, there is a need, not just in southern Africa, but globally, to better understand the geographical context of pollinator-driven diversification. The pollinator environment is a geographical selection mosaic and the structure of this mosaic is determined not only by the distribution patterns of pollinators themselves, but also by their organization into particular pollination guilds that function as niches for further plant diversification. Characterizing the niche spaces for pollinator-driven plant diversification at a regional level, something which was done only crudely in this paper (table 1), should be an important goal for future studies. This outside-in approach of understanding how the environment imposes selection on floral traits is as important as the inside-out approach of understanding how genes give rise to floral traits, yet the two approaches have become balkanized into separate traditions of evolutionary ecology and developmental biology, respectively. Studies that combine ecological and molecular approaches are still rare, but offer the best potential for a complete evolutionary understanding of pollinator-driven diversification (see Kramer & Hodges 2010; Venail et al. 2010) .
Unlike much of the developed world, southern Africa still has vast tracts of land that are pristine enough to be considered representative of the actual environment in which plants diversified. However, these environments are being rapidly altered and a necessary component of future research will also have to be devoted to improving our understanding of the role of pollination niches for the maintenance of plant species diversity.
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